Introduction

37
The increase of the competitiveness in all the industrial sectors due to the globalization of the 38 economies is a source of pressure so that the companies must optimize their processes; the foregoing 39 also generates new forms of collaboration between companies that are part of the supply chain. To 40 achieve this, techniques and information technologies are needed to support decision-making; One 41 of these tools is the simulation of systems. The simulation models allow analysis of the type What 
50
A supply chain faces changes that contribute to increasing its complexity and vulnerability to 51 shocks; a supply chain must resist changes in the environment to survive. Through the simulation 52 alternative supply chains can be evaluated to improve the capacity of recovery to a disturbance [4] .
53
There are numerous simulation models built for the design, evaluation and optimization of the 54 supply chain [5] .
55
Discrete events simulation is a widely used approach as a support tool in logistics and for the 56 analysis of supply chains since it is a tool that allows to emulate the behavior of this kind of systems
57
[6]. It should be noted that in the supply chains the factor that is always taken into consideration in 58 the design phases is the transportation of the goods; there are three ways to transport goods: land 59 transport, air transport and maritime transport.
60
Based on the above, an 18-step methodology is proposed that facilitates the construction and 61 analysis of supply chain models; and that helps professionals make decisions; the methodology is 62 based on the Promodel package.
63
Mexico is seeking to establish a global leadership in relation to the care of the environment.
64
Recently it has committed to establish 2026 as the peak year of its greenhouse gas (GHG) emissions;
65
as of that year, said emissions should be reduced.
66
The Mexican government has proposed a road map which has been described as a "detailed 67 climate change plan that is the first of its kind among developing nations" [7] .
68
At a global level, the fight against climate change has become one of the main topics of 69 international debate [8] . As an example, the following pair of reports is mentioned: Young, Min,
70
young and Jinsoo in [9] measured the CO2 emissions that are generated internationally due to 71 globalization; on the other hand, Yee et al., in [10] made a detailed analysis of greenhouse gas 72 emissions due to the transport of goods; focusing mainly on the measurement of CO2. It should be 73 noted that this article considers the CO2 measurement of the supply chain and also; to achieve an 74 optimal design; tools such as lean manufacturing, simulation and design of experiments are applied.
75
In this document, the design of experiments is applied to identify the factors that significantly 76 affect the response variables as well as to define the optimal operating conditions [11] ; in our case,
77
the aim is to reduce delivery time, reduce inventory levels, reduce CO2 pollution rates and reduce the 78 percentage of leisure in companies due to untimely delivery.
79
Finally, it should be mentioned that variability is considered within the analysis; this factor is 80 presented in a supply chain in the cycle times of every company in its process [12] .
81
Model description
82
According to García in [13] , few people dedicate themselves to the art of modeling systems 83 because it is not an easy subject to understand; in this work a simple but valuable system is proposed 84 for the generation of ideas on how to simulate a slender supply chain with an ecological approach.
85
Consider a supply chain composed of 5 companies located in different cities of the State of
86
Guanajuato, Mexico (Table 1) . Each company was assigned a number from 1 to 5; each company has 87 a geographical location. 
102
To facilitate the analysis, Google maps were used to calculate the distances between the cities; 103 however, in a real case, the geographical position of each company must be exactly located.
104
According to the data in 
Materials and Methods
127
In this section we propose a methodology of 18 steps for the construction of simulation models
128
of supply chains to obtain measures of productive and environmental performance; this 129 methodology was applied to the system proposed in the previous section; it should be noted that this 
139
The map of the State of Guanajuato was downloaded and added to the Promodel figures library.
140
To use the image, Promodel has a tool called Graphic Editor. The sequence to load the map is 
156
4. Define the level of each company in the chain: tier 1, tier 2, tier 3, ..., tier n.
157
For the developed example, companies 2 and 3 correspond to Tier 1, Company 4 is Tier 2 and
158
Company 5 corresponds to Tier 3.
159
5. Define the sequence of the flow of materials through companies from tier n to tier 1.
160
In Figure 1 , the sequence of flow of materials through the chain is clearly seen from the previous 161 section. 
164
It is recommended to use Google maps. 168 169 Figure 4 shows the example of how to calculate the distance between the city of León Gto. and
170
Silao Gto., where the calculated distance is 34.8 km.
171 Table 2 shows the summary of the distances between the cities involved in the supply chain. 
172
175
Each location corresponds to a company. The locations must be declared on the map loaded in 
196
To build simulation models, basic software knowledge is required.
197
11. Define the network. The network represents the road where the truck moves.
198
The lengths of the segments between nodes represent the distance between cities, for this example 199 the distances are taken from 
206
A resource called a truck was defined, which will be responsible for transporting the materials to specify the speeds of the resource; for this example, it is assumed that a full truck moves at a 211 speed of 80 km / hr; however, the software requires that the speed be entered in meters per minute
212
(mpm), therefore a speed of 1333 mpm was specified; the speed when traveling empty was set at 213 95 km / hr or 1583 mpm. The time for the loading operation of a truck was set at 10 minutes and 214 to unload it was set at 15 minutes; the model requires the times in seconds: 600 and 900 seconds 215 respectively. In the experimentation, the variability of loading and unloading times was 216 included; later, the three levels considered are shown.
217
13. Verify the model.
218
First, a visual inspection of the operation of the model was carried out by executing a test run.
219
You must ensure that the movements of the truck follow a logical sequence, trucks with material 220 must arrive at their destination to make the delivery in the entry locations of each company; the 221 finished products of each company must be picked up by the trucks at the collection points and 222 must be delivered to the company to which it supplies. example, the test is omitted for the moment given that it is an illustrative example.
227
15. Determine the stabilization period (warm up).
228
In this case it is assumed that the steady state is reached when the first batch of finished product 229 comes out. The stabilization period is different for each case of batch size to be produced.
230
16. Experiment.
231
The application of the experimental design methodology is proposed; the variables are: the size
232
of the lots to be transported, the number of trucks to be used and the variability; with respect to 
240
To determine CO2 emissions, it was considered a practical guide for the calculation of greenhouse 
245
So that in the final results of each experimental run, the Promodel software was capable of 246 throwing CO2 measurements, it was necessary to enter 6 variables, the first 5 serve to control the 247 number of trips made from one plant to another and from this way to calculate the total distance 
265
The reason to multiply by 2 the product of DIST TOTAL and 270, is to consider when the 266 vehicles return empty. The division between 1000 is because the final result of CO2 will be 267 expressed in kilograms instead of grams.
269
17. Document results.
270
The results of all the experimental runs were recorded and analyzed in detail in the following 271 section entitled analysis of results.
272
18. Determine the best conditions of the supply chain and obtain the conclusions.
273
Based on the results observed and the detailed analysis, the conditions of the supply chain that 
Results
277
The model was constructed according to the steps suggested in the methodology, it was run 278 according to the experiments proposed, where 54 experimental runs were found. In the model, the 
290
In accordance with the above, the results shown in Table 4 were obtained. The model was run
291
until the production of a batch of 80 pieces was achieved, assuming that this is the amount required
292
by the final customer. 
293
325 326
In each of the figures 6 (a) to 6 (d) it can be seen in the upper left corner that the blue points
327
(Residuals) approach the red diagonal line, with which it can be concluded that the assumption of 
331
the lower right corner it can be seen that the order of the residuals has a completely random behavior,
332
so the assumption of independence is also fulfilled.
333
Once the assumptions have been verified, the next step is to study each of the ANOVAS to 
340
In Figure 7 , it can be seen that the lot size and number of trucks has a significant effect on the 341 pollution index (CO2) since its p-value is less than 0.05. This means that depending on the number of 342 trucks used to move materials between companies and the size of the lot moving between companies, 343 they will cause the CO2 that is emitted to the environment to increase or decrease. Later, an analysis 
353
Regarding the lead time variable, the respective ANOVA can be seen in Figure 8 . 
358
In Figure 8 , it can be seen that the three main factors have a significant effect on the lead time
359
(LT) since their p-value is less than 0.05. This means that depending on the number of trucks, the lot 360 size that moves between companies and the variability of each of the companies, will be the lead time be seen that only the interaction between the lot size and the number of trucks is significant.
363
According to the R 2 , we have that 99.64% of the variability is explained by the model, which means 364 that the model is able to predict almost perfectly.
366
The ANOVA for the response variable percentage of idle of trucks can be seen in Figure 9 . 
370
In Figure 9 , it can be seen that the three factors, lot size, number of trucks and variation in 
383
In Figure 10 , it can be observed that the three factors, lot size, number of trucks and variation in 
408
Once the above was clarified, the optimizer of the response variables included in Minitab 17 was 409 used, as shown in Figure 11 . 
413
After the previous step, the result observed in Figure 12 was obtained. 
